system activation is associated with an increased risk of sudden death. Previously, we used cardiac-restricted angiotensin-converting enzyme (ACE) overexpression to construct a mouse model of RAS activation. These ACE 8/8 mice die prematurely and abruptly. Here, we have investigated cardiac electrophysiological abnormalities that may contribute to early mortality in this model. In ACE 8/8 mice, surface ECG voltages are reduced. Intracardiac electrograms showed atrial and ventricular potential amplitudes of 11% and 24% compared with matched wild-type (WT) controls. The atrioventricular (AV), atrioHisian (AH), and Hisian-ventricular (HV) intervals were prolonged 2.8-, 2.6-, and 3.9-fold, respectively, in ACE 8/8 vs. WT mice. Various degrees of AV nodal block were present only in ACE 8/8 mice. Intracardiac electrophysiology studies demonstrated that WT and heterozygote (HZ) mice were noninducible, whereas 83% of ACE 8/8 mice demonstrated ventricular tachycardia with burst pacing. Atrial connexin 40 (Cx40) and connexin 43 (Cx43) protein levels, ventricular Cx43 protein level, atrial and ventricular Cx40 mRNA abundances, ventricular Cx43 mRNA abundance, and atrial and ventricular cardiac Na ϩ channel (Scn5a) mRNA abundances were reduced in ACE 8/8 compared with WT mice. ACE 8/8 mice demonstrated ventricular Cx43 dephosphorylation. Atrial and ventricular L-type Ca 2ϩ channel, Kv4.2 K ϩ channel ␣-subunit, and Cx45 mRNA abundances and the peak ventricular Na ϩ current did not differ between the groups. In isolated heart preparations, a connexin blocker, 1-heptanol (0.5 mM), produced an electrophysiological phenotype similar to that seen in ACE 8/8 mice. Therefore, cardiac-specific ACE overexpression resulted in changes in connexins consistent with the phenotype of low-voltage electrical activity, conduction defects, and induced ventricular arrhythmia. These results may help explain the increased risk of arrhythmia in states of RAS activation such as heart failure.
humans, increased ANG II levels are associated with an increased risk of arrhythmia (2) , which is reduced by use of ACE inhibitors or ANG II receptor blockers (4, 13, 20, 23, 27, 30, 49) .
A number of ion-handling protein changes have been posited to underlie the increase in risk of arrhythmia in states of RAS activation, and ANG II is known to act on a number of these proteins (3, 41) . For example, ANG II has been implicated in Na ϩ -K ϩ pump regulation (24) . Furthermore, ANG II inhibits the Ca 2ϩ -activated K ϩ current in vascular smooth muscle cells (51) and the delayed rectifier K ϩ currents in heart and smooth muscle (11) . ANG II has been shown to alter cardiac Cl Ϫ conductance and the transient outward current (I to ) (17, 39, 43, 60, 61) .
Connexins are transmembrane proteins that assemble as dodecamers and form low-resistance conductive pathways between cardiac myocytes known as gap junctions. The three most prominent cardiac connexins are connexin 40 (Cx40), connexin 43 (Cx43), and connexin 45 (Cx45). In the adult mouse heart, Cx43 is ubiquitously expressed. Cx40 expression is restricted to the atrial myocytes and ventricular conduction system, and Cx45 is weakly expressed in the specialized conduction system and the atrioventricular (AV) node (26, 53) . Elimination of any of these connexins alters electrical conduction, increasing risk of arrhythmia (10, 12, 16, 22, 38, 40, 48, 52) , and connexin changes have been noted in heart failure (1, 2) . ANG II is associated with activation of kinases and phosphatases, and connexin amounts, distribution, and function can be modulated by their phosphorylation state (8, 28) .
Recently, we described a cardiac-restricted ACE-overexpression mouse with elevated cardiac ANG II levels and an increased risk of death in the absence of heart failure, significant cellular hypertrophy, or ventricular fibrosis (59) . One prominent feature of this ACE 8/8 mouse is a reduction in the surface ECG voltage, without evidence of heart failure, pulmonary edema, or pericardial effusion, suggesting an underlying defect in cardiac current generation or conduction. Therefore, although the reason for the absence of heart failure, hypertrophy, or fibrosis is unknown and may be related to the lack of change in blood pressure in ACE 8/8 mice, this mouse model presented an opportunity to study RAS-mediated electrophysiological abnormalities in the absence of substantial structural changes.
Surface and intracardiac recordings demonstrated reduced voltage, prolonged atrial and ventricular conduction intervals, and various forms of AV nodal block. Ventricular pacing caused ventricular tachycardia only in the ACE 8/8 mice. ECG telemetry identified the cause of death as progressive bradycardia or ventricular tachycardia. Similar phenotypes have been reported in genetically altered mice with reductions in Na ϩ channels or connexins (10, 12, 16, 22, 38, 40, 48, 52) . In our case, the arrhythmic risk was best explained by changes in gap junction proteins responsible for cell coupling, such as Cx40 and Cx43.
MATERIALS AND METHODS
Cardiac-restricted ACE-overexpression mice. The generation of chimeric mutant ACE mice is described elsewhere (59) . Briefly, by gene targeting, the promoter region of the somatic ACE gene was substituted by the ␣-myosin heavy chain promoter, resulting in cardiac-restricted ACE overexpression. All studies were performed on F2 generation litters produced by breeding heterozygous mice to create F2 offspring with wild-type (WT), heterozygous (HZ), and homozygous cardiac-restricted ACE (8/8) overexpression. These mice had a mixed background of C57BL/6 and 129. Male and female mice were used in the studies, with littermate controls matched for age and sex. Genomic DNA was obtained through tail clipping for genotyping, as previously described. Animal procedures were approved by the Institutional Animal Care and Use Committees of Emory University and the Atlanta Veterans Administration.
Surface and telemetry ECG monitoring. After mice were sedated with an intraperitoneal injection of ketamine (125 mg/kg) and xylazine (12.5 mg/kg), their hair was shaved and then completely removed with depilatory (Nair, Church & Dwight, Princeton, NJ). Body temperature was maintained at 37°C with a warm pad. Adhesive skin electrodes were applied to all four limbs and on the anterior (V1) and lateral (V6) chest wall. ECG was recorded digitally for 5 min after 15 min of partial recovery from the anesthesia-induced bradycardia. ECG data were analyzed and stored on a Prucka system (GE Healthcare, Milwaukee, WI).
ECG recordings of awake, free-moving mice were obtained using a telemetry method, as previously described (59) . After mice were sedated with ketamine and xylazine (see above), an ECG transmitter (model EA-F20, Data Sciences) was implanted in the intraperitoneal cavity. The positive lead of the transmitter was tunneled subcutaneously into the left anterior chest wall above the apex of the heart and the negative lead to the right shoulder. This configuration approximates lead II on the surface ECG. The ECG was recorded digitally using a 500-Hz analog-to-digital converter and processed with a 100-Hz low-pass filter to reduce noise artifact.
Intracardiac electrophysiology. Intracardiac electrophysiological studies were performed as described elsewhere (9, 10) . Body temperature was maintained throughout the procedure with a warming pad placed beneath the animal. A Prucka system (Cathlab 4.0, GE) was used with an Fr-1.1 eight-electrode catheter (model EPR800, Millar Instruments, Houston, TX). The catheter tip was positioned in the right ventricle through a right jugular vein cutdown. ECG channels and intracardiac electrograms were amplified and filtered from 0.05 to 100 Hz and from 30 to 500 Hz, respectively. The sampling rate was 1,024 samples/s, with an accuracy of 12 bits. Atrial and ventricular wave amplitudes were measured over right atrial, His bundle, and right ventricular intracardiac traces and averaged to obtain atrial and ventricular potentials. AV, atrio-Hisian (AH), and His-ventricular (HV) intervals were measured directly from the intracardiac electrogram. Pacing of ventricles was performed at twice the threshold using a Grass SD9 stimulator (Astro-Med, W. Warwick, RI). For induction of ventricular tachycardia, 10 -15 stimuli at incrementally decreasing cycle lengths from 150 to 50 ms were applied. Cycle lengths Ͻ50 ms could result in nonspecific arrhythmia induction and were not attempted. Inducible tachycardia was defined as more than five consecutive beats (10) .
Quantitative mRNA assay. The mRNA abundances of the L-type Ca 2ϩ channel (Cacna1), the ␣-subunit of the voltage-gated Kv4.2 K ϩ channel (Kcnd2), the cardiac Na ϩ channel (Scn5a), and the cardiac connexins Cx40, Cx43, and Cx45 were determined by quantitative real-time RT-PCR. Total RNA from WT, HZ, and ACE 8/8 mice was isolated using Trizol reagent (Invitrogen, Carlsbad, CA) with the addition of RNase-free DNase I following the manufacturer's instructions. RT was carried out at 42°C for 30 min with 1.0 g of total RNA and the iScript reverse transcriptase (Bio-Rad, Hercules, CA). The first-strand cDNA was used as template for subsequent SYBR realtime PCR. Each PCR contained 12.5 l of QuantiTect SYBR Green PCR Kit Master Mix (Bio-Rad) and 2.5 M primer pairs of each gene in a total reaction volume of 25 l. (See supplemental information in the online version of this article for primers used in the experiment.) All amplifications were performed in triplicate and consisted of 40 cycles of 30 s at 95°C, 30 s at 60°C, and 20 s at 72°C in a thermocycler (iCycler, Bio-Rad). ␤-Actin was used as an internal reference for quantitative comparisons.
Western blotting and immunohistochemistry. For Cx40 and Cx43 Western blotting, protein samples prepared from atrial and ventricular tissues were homogenized in a buffer containing 20 mM Tris ⅐ HCl (pH 7.4), 150 mM NaCl, 2.5 mM EDTA, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 10% glycerol, 50 mM NaF, 1 mM Na3VO4, and 10 l/ml protein inhibitor cocktail (Pierce, Rockford, IL). Protein samples (20 -100 g) were separated on 10% SDS gels and transferred to nitrocellulose membranes. The membranes were blotted with a 1:250 dilution of anti-Cx43 (Zymed, S. San Francisco, CA) or a 1:250 dilution of anti-Cx40 (ADI, San Antonio, TX) antibodies. For Na ϩ channel blotting, 100 g of protein samples were separated on 6.5% gels. A rabbit anti-pan Na ϩ channel antibody was kindly provided by Dr. Peter Mohler (University of Iowa) and used at a 1:1,000 dilution. An anti-GAPDH antibody (1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) was used as a loading control for all studies. Donkey anti-rabbit antibody (Amersham, Piscataway, NJ) was used at a dilution 1:10,000. The membranes were exposed to X-ray film using the enhanced chemiluminescence method. The X-ray film images were scanned and analyzed using NIH ImageJ software.
For immunohistochemistry, heart samples were fixed in 10% formalin for 24 h and embedded in paraffin. Heart tissues from ACE 8/8 and WT mice were embedded side-by-side in the paraffin blocks to ensure the identical immunohistochemistry conditions. Tissue sections were reacted with mouse anti-Cx43 antibody (1:500 dilution; BD Bioscience) and then with biotinylated anti-mouse antibody (1: 1,000 dilution; Vector Laboratories, Burlingame, CA) as the secondary antibody. Signals were detected using the Vectastain ABC kit (Vector Laboratories) and diaminobenzidine (DABϩ) (brown) chromogen (DAKO, Carpentaria, CA). Tissue sections were then counterstained with aqueous hematoxylin.
Perfused isolated heart preparation. Perfused isolated hearts were prepared as described elsewhere (18) . After induction of anesthesia with ketamine-xylazine, hearts were extracted and placed in ice-cold Tyrode solution [in mM: 130 NaCl, 5.4 KCl, 1.0 MgCl2, 1.0 CaCl2, 0.6 NaHPO 4, 10.0 HEPES, and 5.0 glucose (pH 7.4)]. Aortas were isolated and cannulated, and the hearts were mounted on a Langendorff apparatus. Isolated hearts were perfused with Tyrode solution at 2 ml/min at 37°C. A pseudo-bipolar ECG was recorded using two silver-silver chloride electrodes placed in the solution bathing the heart. The ECG signals were filtered at 5-400 Hz, sampled at 1,000 Hz, and digitized with 12-bit resolution. After 15 min of perfusion, baseline ECGs were recorded, and the solution was switched to Tyrode solution containing 0.5 mM 1-heptanol, which was washed out, and the heart was reexposed to 1 mM 1-heptanol, which again was washed out. An automated peak-detection algorithm was used to calculate the QRS amplitude for each beat.
Cardiac myocyte isolation. Ventricular cardiac cells were isolated from 6-to 8-wk-old heparinized mice. After the mice were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg), the hearts were removed and rapidly mounted on a Langendorff apparatus. The hearts were perfused with oxygenated Tyrode solution [in mM: 130 NaCl, 5.4 KCl, 1 CaCl 2, 1 MgCl2, 0.6 NaH2PO4, 10 HEPES, and 5 glucose (pH 7.4)] at 37°C. After 5 min, the perfusion solution was replaced with Ca 2ϩ -free Tyrode solution for 15 min and then switched to a Tyrode solution containing type II collagenase (73.7 U/ml; Worthington), 0.1% BSA, 20 mM taurine, and 30 M CaCl 2. After 15 min of enzymatic digestion, the hearts were perfused with KraftBrühe solution [100 mM potassium glutamate, 10 mM potassium asparate, 25 mM KCl, 10 mM KH 2PO4, 2 mM MgSO4, 20 mM taurine, 5 mM creatinine base, 0.5 mM EGTA, 5 mM HEPES, 1% BSA, and 20 mM glucose (pH 7.2)] for 5 min. Finally, both ventricles were minced into small pieces and gently triturated with a Pasteur pipette for 15-20 min. The cells were collected after centrifugation at 60 g for 5 min and stored at 4°C.
Patch clamping. Na ϩ current was measured in whole cell voltageclamp mode with use of an Axopatch 200 B patch-clamp amplifier and a Digidata 1320 Interface (Axon Instruments, Burlingame, CA). pCLAMP software (version 8.0, Axon Instruments) was used for generation of protocols, data storage, and evaluation. Isolated cardiac myocytes were placed in a chamber, mounted on an inverted microscope, and perfused with a bath solution (in mM: 5 NaCl, 1.2 MgCl 2, 1.8 CaCl2, 25 tetraethylammonium chloride, 100 N-methyl-D-glucamine, 5 CsCl, 20 HEPES, 11 glucose, 3 4-aminopyridine, and 2 MnCl 2, with pH adjusted to 7.4 with CsOH). Thin-walled borosilicate patch pipettes (World Precision Instruments, Sarasota, FL) were drawn to a resistance of 1-3 M⍀ and filled with a solution containing (in mM) 100 CsCl, 40 CsOH, 10 HEPES, 10 EGTA, 1 CaCl 2, and 5 Mg-ATP (pH 7.25). Rod-shaped cells with clear striation were selected, and, after a gigaohm seal was established and the membrane patch was ruptured, cell capacitance, access resistance, and membrane resistance were measured. Cells with Ͼ10-M⍀ access resistance, Ͻ100-M⍀ membrane resistance, or unstable parameters were excluded. For the purpose of voltage control, in addition to using a low-Na ϩ bath solution, we performed the experiments at room temperature and 60 -80% compensation for the series resistance (Ͻ4-M⍀ residual series resistance). Data were filtered at 2 kHz and recorded at 10 kHz. Electronic capacitance compensation was used to minimize current transients during applied pulses. Passive membrane properties were calculated from the current response at Ϫ100 to Ϫ70 mV and were subtracted from the recorded currents. For determination of steadystate activation, we used an initial holding potential of Ϫ100 mV for 200 ms before stepping to Ϫ95 to ϩ45 mV in 5-mV increments. For determination of steady-state inactivation kinetics, we held the membrane potential at Ϫ100 to ϩ45 mV in 5-mV increments for 200 ms before stepping to Ϫ20 mV.
For the measurement of action potentials and resting membrane potential in the current-clamp mode, the bath solution was Tyrode solution (see above) at 37°C, and the pipette solution consisted of (in mM) 140 KCl, 10 HEPES, 10 EGTA, 1 CaCl 2, and 5 Mg-ATP (pH 7.25). A liquid junction potential of 5 mV was estimated and subtracted from the measured transmembrane potentials.
Statistical analysis. All continuous variables were compared between ACE 8/8 mice, HZ mice, and gender-and age-matched littermate controls. Values are means Ϯ SE. The 2 test, Student's t-test, one-way ANOVAs with post hoc tests of significance, and linear regression analysis were used where appropriate, and P Ͻ 0.05 was considered statistically significant.
RESULTS

Surface and telemetry ECG abnormalities in ACE 8/8 mice.
Surface ECGs were obtained from anesthetized 6-to 8-wk-old WT, HZ, and ACE 8/8 mice (n ϭ 9 in each group). Representative recordings from WT, HZ, and ACE 8/8 mice are shown in Fig. 1 . Limb lead I and II traces are shown in Fig. 1A . All ACE 8/8 mice demonstrated no obvious P waves, low-amplitude QRS complexes, and irregular R-R intervals. Previously, we had interpreted this to imply that the mice were in atrial fibrillation (59) . QRS configuration and frontal plane axis were similar in ACE 8/8 and WT mice, suggesting that the difference in voltage was not the result of a QRS axis shift. Moreover, no pericardial or pleural effusions were detected by ultrasound to explain the reduced QRS amplitude.
Intracardiac recordings. To further investigate these surface ECG findings, intracardiac electrograms were obtained from anesthetized 6-to 8-wk-old WT, HZ, and ACE 8/8 mice using a 1.1-Fr, eight-electrode catheter placed transvenously, such that electrodes bridged the right atrium and ventricle. ACE 8/8 animals showed fractionated, low-voltage atrial (a) electrograms, and reduced-voltage ventricular electrograms (Fig. 1B) . The maximum voltages for the atrial and ventricular wave electrograms are compared in Table 1 . ACE 8/8 mice showed a reduction in atrial and ventricular potential amplitudes of 9.0-and 4.2-fold, respectively, relative to WT mice (P Ͻ 0.01 for each potential). These changes were on the order of those seen on the surface ECG, consistent with a cardiac cause of the reduced surface voltage. There was a trend toward a graded reduction in intracardiac electrogram voltage as a function of ACE gene dose, with effects more prominent in the atria than ventricles. Nevertheless, the difference between WT and HZ mice was not statistically significant.
Abnormalities in the intracardiac electrograms were associated with conduction delays. AV, AH, and HV intervals were prolonged in the ACE 8/8 mice (P Ͻ 0.01), suggesting conduction slowing at multiple cardiac levels (Table 1) . These prolongations remained significant when corrected for heart rate differences among the groups. In addition to conduction delays, ACE 8/8 mice showed various degrees of AV block compared with WT or HZ mice. Two, 3, and 6 of the 11 ACE 8/8 mice exhibited first-, second, and third-degree AV nodal heart block, respectively. Although some WT mouse strains are known to show intermittent heart block (32) Fig. 2A .
ECG telemetry revealed the cause of death in ACE 8/8 mice to be a sudden loss of the ventricular escape rhythm in the Values are means Ϯ SE. Atrial and ventricular waves are maximum amplitudes of intracardiac atrial and ventricular activity, respectively. WT, wild-type mice; HZ, heterozygous mice; ACE 8/8, homozygous mouse model of renin-angiotensin system activation that uses cardiac-restricted angiotensinconverting enzyme; AV, AH, and HV, atrioventricular, atrio-Hisian, and Hisian-ventricular, respectively. Beat with the shortest atrioventricular duration was chosen for calculations in ACE 8/8 mice. *P Ͻ 0.01 vs. WT. presence of AV block or ventricular tachyarrhythmia. An example of an ACE 8/8 mouse developing fatal, sudden-onset ventricular tachycardia is shown in Fig. 2B .
Connexin and Na ϩ channel protein expression. The electrophysiological findings in ACE 8/8 mice suggested a defect in channels responsible for cardiac current conduction. In addition, the electrophysiological findings in ACE 8/8 mice were similar to those in mice with downregulation of cardiac connexins or the cardiac Na ϩ channel (10, 12, 16, 22, 38, 40, 48, 52) . Under the usual physiological conditions in cardiac muscle, the Na ϩ channel generates the largest current, and connexins forming gap junction channels provide the critical, low-resistance pathway between cells for conduction. Since previously reported microscopic analysis showed minimal fibrosis or ultrastructural changes in the ACE 8/8 ventricles (59), we investigated whether some of the changes in conduction could be explained by alterations in these ion channels.
Cx40 is expressed mostly in the atrium (26, 53) . In this chamber, Western analysis showed reductions in Cx40 (Fig. 3, A and B) . Atrial Cx43 protein showed a graded reduction with ACE gene dose (Fig. 3, C and D) . In the ventricles, Cx43 was downregulated in the ACE 8/8 mice to 30% of WT levels (Fig. 3, E and F) . This downregulation was confirmed by immunohistochemistry, which showed a marked decrease of Cx43 staining in the ventricles of ACE 8/8 mice (Fig. 3H ) compared with WT mice (Fig. 3G) . Similar to the WT mice, the majority of Cx43 expression in ACE 8/8 hearts was located at the intercalated disks. Another major channel affecting conduction is the cardiac Na ϩ channel (31, 36, 40) . Western analysis showed no changes in atrial or ventricular Na ϩ channel levels, however (data not shown). Cx43 has multiple phosphorylated forms with different electrophoretic mobilities (35) . The nonphosphorylated form (P0) usually migrates as a single band to 41 kDa, whereas the phosphorylated forms (P1, P2, and P3) migrate to 42-46 kDa. The nonphosphorylated P0 form is thought not to conduct (6) . Therefore, we investigated whether changes in Cx43 phosphorylation played a role in the ACE mouse phenotype. Figure 4 shows an association between the surface ECG voltage amplitude and Cx43 expression across genotypes. Nevertheless, total ventricular Cx43 was only weakly associated with the QRS amplitude (r 2 ϭ 0.19). A reduction in the ratio of phosphorylated to nonphosphorylated Cx43 [(P1 ϩ P2 ϩ P3)/P0] as a function of genotype (Fig. 4B) , which correlated more strongly with the ECG amplitude (Fig. 4C) , better explained the changes in QRS amplitude.
To study changes in the Na ϩ channel, we measured Na ϩ current using the patch-clamp technique. The resting membrane potential was similar between WT-and ACE 8/8 mice: Ϫ67 Ϯ 2.1 and Ϫ72 Ϯ 1.3 mV, respectively (n ϭ 5 in each group, P ϭ 0.08). The membrane capacitances were 145.1 Ϯ 10.1 pF in WT mice and 120.7 Ϯ 8.1 pF in ACE 8/8 mice (n ϭ 14 for each group, P ϭ 0.07), suggesting no cellular hypertrophy in ACE 8/8 mice. Na ϩ current was compared between WT and ACE 8/8-derived ventricular myocytes. There was no significant difference in the peak Na ϩ conductance between WT and ACE 8/8 mice when a total of 10 cells from each group were measured (n ϭ 3 mice from each group; Fig. 5A ), but the activation and inactivation curves were shifted toward more negative values in ACE 8/8 mice (Fig. 5, B and C) .
Connexin transcriptional regulation. Transcriptional regulation has been implicated in ion channel changes during a number of cardiac pathogenic states associated with increased arrhythmic risk (3, 41) . To determine whether transcriptional regulation could explain some of the changes, connexin and Na ϩ channel mRNA abundance levels were examined by quantitative RT-PCR. The L-type Ca 2ϩ channel (Cacna1) and I to , encoded in part by Kv4.2 (Kcnd2), were studied also because they are prominent ion channels that have been reported to be dynamically regulated under various pathogenic conditions (5, 29, 50, 54 -56, 58) .
Cardiac ACE overexpression was associated with reductions in Cx40 mRNA (Fig. 6A) in the atria and ventricles of ACE 8/8 mice (n ϭ 4) relative to WT mice (n ϭ 4, P Ͻ 0.05) and an elimination of the AV difference in Cx40 mRNA abundances in WT mice. Graded reductions of Cx40 mRNA were also noted in HZ mice (n ϭ 4) relative to WT mice (P Ͻ 0.05). Cx43 mRNA levels were reduced only in the atria, however ( Fig. 6B ; P Ͻ 0.05). mRNA abundances for Cx45 (Fig. 6C) , an I to ␣-subunit (Kcnd2; Fig. 6D ), and the L-type Ca 2ϩ channel (Cacna1; Fig. 6E ) were unchanged in the atria or ventricles of ACE 8/8 compared with WT mice. Despite the lack of significant change in the peak Na ϩ channel current, Scn5a mRNA abundances showed a significant drop in atria and ventricles of ACE 8/8 mice (n ϭ 4) relative to WT mice (n ϭ 4, P Ͻ 0.05; Fig. 6F) .
A connexin blocker produced a similar electrophysiological phenotype. As mentioned above, a reduction in QRS amplitude (surface and intracardiac) is one of the hallmarks of ACE 8/8 mice. Although decreases in Cx40 and Cx43 could explain the conduction abnormalities in these mice, it is not clear that changes in connexins were responsible for the low-voltage electrical activity. With the use of a perfused isolated heart model and WT mouse hearts, perfusion with the gap junction blocker 1-heptanol, at Յ1.0 mM, resulted in a reduced relative QRS amplitude of 0.5 Ϯ 0.1 (n ϭ 5, P ϭ 0.001) without a significant change in heart rate, QRS width, or P-R interval (Fig. 7) . Although the mechanism for the voltage reduction in mice is unclear, it is conceivable that slow conduction resulting from reduced gap junctional conductance increases the overlap of depolarization and repolarization events in the mouse heart, allowing these two electrically opposite vectors to show a higher degree of cancellation.
DISCUSSION
Previously, we reported that cardiac-restricted ACE overexpression in a mouse resulted in abnormalities of the surface ECG and sudden death in the absence of significant ventricular structural abnormalities, hypertrophy, fibrosis, or heart failure (59). Here, we investigate further the origins of those abnormalities. Compared with WT controls, ACE 8/8 mice showed slowed conduction at multiple levels, various degrees of AV nodal block, and inducible ventricular arrhythmias.
On the basis of the absence of P waves and an irregularly irregular QRS rhythm on the surface ECG, we suggested previously that ACE 8/8 mice had atrial fibrillation (59) . Nevertheless, the intracardiac electrograms did not show this to be the case in the ACE 8/8 mice. In all cases, these mice had low-voltage, fractionated atrial electrograms that were not detectable on the surface ECG, and, when combined with variable AV block, the surface ECG changes were indistinguishable from atrial fibrillation. Although we did not observe atrial fibrillation during intracardiac recordings in our study of relatively young ACE 8/8 mice, the abnormal atrial electrophysiology would suggest the risk for this arrhythmia, and we cannot completely exclude the possibility of such an occurrence at some point in these mice.
Downregulation of connexins in ACE 8/8 mice may be the major mediators of conduction defects. These changes were associated with alterations of connexins, the constituents of gap junctions, which are known to be important in conduction. These alterations included transcriptional downregulation of atrial and ventricular Cx40 and ventricular Cx43, reductions in atrial Cx40 and atrial and ventricular Cx43 protein, and Cx43 dephosphorylation. ACE 8/8 mice showed evidence of atrial and ventricular slow conduction and AV block consistent with that previously seen with the combination of downregulation of Cx40 and Cx43. Cx40 deficiency results in atrial, AV nodal, and infra-Hisian conduction block (10, 48, 52) . Similar conduction defects were observed in the ACE 8/8 mice in association with a downregulation of Cx40. Cx40-null mice do not show changes in alterations in surface QRS voltage or ventricular tachyarrhythmia inducibility (57) , suggesting that additional factors are involved in producing the ACE 8/8 phenotype. The susceptibility of ACE 8/8 mice to ventricular arrhythmias is more consistent with a reduction of Cx43, since mouse models of reduced Cx43 show prominent ventricular arrhythmias (12, 16, 22) .
The idea that Cx40 and Cx43 changes were mainly responsible for the ACE 8/8 phenotype is supported by the absence of statistical changes in Na ϩ channel total protein or current or transcriptional regulation of the L-type Ca 2ϩ or the Kv4.2 channels. Also, the ECG features of the ACE 8/8 mice were similar to those induced by a gap junction blocker, heptanol. At Յ1 mM, heptanol is thought to be a fairly specific blocker of gap junctions, although it can inhibit Na ϩ channels at higher concentrations (37, 47) .
In humans, it is well established that downregulation of the cardiac Na ϩ channel can be associated with conduction abnor- 
where Vh is the gating potential, k is the slope, and I/Imax is the ratio of the current at each holding potential to the maximum current calculated using a linear fit of the reversal region. Activation curve for ACE 8/8 mice is shifted to the left (Vh ϭ Ϫ37 mV, n ϭ 10) compared with WT cells (Vh ϭ Ϫ32 mV, n ϭ 10, P Ͻ 0.001). C: alterations in inactivation kinetics in ACE 8/8 compared with WT myocytes. Data are fitted to the Boltzmann inactivation curve described in B. Similar to activation kinetics, inactivation curve for ACE 8/8 cardiac myocytes is shifted to the left (Vh ϭ Ϫ65 mV in ACE 8/8 myocytes, n ϭ 11) compared with WT cells (Vh ϭ Ϫ55 mV, n ϭ 13, P Ͻ 0.001).
malities and ventricular tachycardia (31, 36) . Disruption of the mouse cardiac Na ϩ channel gene causes AV conduction blocks, delayed intramyocardial conduction, increased ventricular refractoriness, and ventricular tachycardia (40) . Nevertheless, in the ACE 8/8 mice, we saw significant reductions in mRNA abundance, but peak current was not statistically different from that in WT mice. These data suggest that RAS activation altered Na ϩ channel transcription but that there was posttranscriptional compensation in our model. Examples of posttranscriptional Na ϩ channel modulation include protein kinase A-mediated phosphorylation effects that can enhance channel current (62) , and gating changes similar to those we observed have been noted with protein kinase A and C activation (34, 42) . Among the possible explanations for the discrepancy between mRNA abundance and current are increased translational efficiency and reduced channel degradation. Also, although peak Na ϩ current was unchanged between the two groups, on the basis of the differences in resting membrane potentials and the steady-state inactivation curves, the Na ϩ channel availability is estimated to be 79% in WT mice and 66% in ACE 8/8 mice. Therefore, we cannot rule out completely that a reduction in Na ϩ channel current plays some role in the slow conduction phenotype of the ACE 8/8 mice.
Other channels studied by RT-PCR, including the cardiac Na ϩ channel, the L-type Ca 2ϩ channel, Kv4.2, and Cx45, did not show changes that would explain the phenotype. We cannot rule out that posttranscriptional changes play some role, however. This result is consistent with a previous report about the effects of ANG II on I to (60) . Also, the similarity in resting membrane potential between the WT and ACE 8/8 groups suggests that significant RAS-mediated changes in the Na ϩ -K ϩ pump, inwardly rectifying K ϩ current, or other factors setting the resting membrane potential are unlikely to contribute to the phenotype. On the basis of the expression pattern of Cx45 in the heart and the presence of AV block in the ACE 8/8 mice, it was unexpected that Cx45 mRNA levels were unchanged, however. Although changes in Cx40 and Cx43 are sufficient to explain the blocks, we cannot rule out that Cx45 changes play a role, since posttranscriptional alterations and changes localized to the AV node were not excluded in our study. In summary, although we have not excluded all other possible causes of the electrophysiological phenotype resulting from cardiac ACE overexpression, the phenotype is consistent with the Cx40 and Cx43 changes noted.
Why did HZ ACE mice not show increased arrhythmias? The ACE 8/8 mouse phenotype is consistent with manifestations of combined Cx40 and Cx43 reductions. The HZ mice showed intermediate reductions of ion channels and a phenotype most similar to the WT mice. These findings are consistent with those in Cx40 mice heterozygous for their null mutation (57) . The finding that mice bred to have gradual reductions in Cx43 do not show ventricular tachyarrhythmia inducibility until the connexin level falls to less than ϳ40% of normal suggests a threshold effect of reduction in gap junctional conductance on electrophysiological manifestations (i.e., the safety factor) (12) . The idea of a threshold for phenotypic manifestations is supported by theoretical calculations (46) .
Possible mediators of the ACE effect. Although we have not established the cause of the molecular changes noted, it is likely an effect of local ACE expression, since previous genetargeted constructs overexpressing ACE in other organs (such as liver-restricted ACE overexpression) do not show electrical abnormalities similar to the ACE 8/8 mice (7). Given the well-known effect of ACE to produce ANG II and the elevated cardiac ANG II levels of the ACE 8/8 mice, it is tempting to speculate that the effect of cardiac ACE overexpression on arrhythmic risk is the product of ANG II elevation.
Our results suggest that RAS activation can affect connexin transcriptional and posttranscriptional regulation. These results are consistent with recent reports of Cx43 downregulation and dephosphorylation in heart failure (1, 2). ANG II is known to affect transcription of multiple genes (45) , possibly explaining the mRNA changes. Nevertheless, the origin of the chamberspecific regulation of connexins is unclear. The AV differences in Cx40 mRNA abundance in WT mice were eliminated in ACE 8/8 mice, but Cx43 changes were better explained by posttranscriptional mechanisms, especially in the ventricle. Connexin turnover and activity are influenced by a number of kinases and phosphatases (8, 28) . Increased phosphorylation and dephosphorylation have been associated with decreased gap junctional conductance. In our study, conduction impairment was associated with Cx43 dephosphorylation. A similar association was reported recently in human heart failure and appeared to be explained by increased association between Cx43 and the PP2A phosphatase (1). Interestingly, ANG II is known to activate this phosphatase (25) . Nevertheless, functional gap junctions are multiprotein complexes, and RAS effects on connexin-associated proteins cannot be ruled out as a mechanism for the observed changes (21, 44) .
On the other hand, the situation may be more complicated. ACE2 is an ACE homolog expressed in many tissues, including the heart, which is thought to help counterbalance ACE in regulating ANG II levels by proteolytically cleaving a single amino acid from ANG I and ANG II, producing ANG-(1-9) and ANG-(1-7), respectively.(14) Cardiac ACE2 overexpression results in a phenotype of reduced connexins, conduction defects, and arrhythmic risk remarkably similar to that in our ACE 8/8 mice (15) . Other possible mediators include alternative substrates for ACE and signaling mediated by the ACE COOH terminus (19) . Although the exact mediator of the electrophysiological changes has yet to be determined, it seems clear that alterations in cardiac ACE activity and the resulting abnormalities of RAS have profound effects on cardiac electrophysiology.
In summary, we found that cardiac ACE overexpression is associated with connexin dysregulation that is correlated with conduction defects. This is the first report of ACE expression affecting connexin regulation. If RAS activation in humans were to be associated with similar changes in ACE expression as seen in our ACE 8/8 model, this would help explain the arrhythmic risk seen in these conditions (33) . Furthermore, this finding may help explain the antiarrhythmic effects of ANG II receptor blockers (20) and ACE inhibitors (4, 13, 23, 27, 49) . 7 . Effect of 1-heptanol perfusion on electrical activity. A: representative example of effect of perfusion with the gap junction blocker 1-heptanol on pseudo-ECG recording from an isolated arterially perfused WT mouse heart. Abscissa reflects time from the moment perfusion started. au, arbitrary units. B: 1 mM heptanol-induced reduction of QRS amplitude in WT mouse hearts was consistent and statistically significant (n ϭ 5, P ϭ 0.001). C: 1 mM heptanol does not affect other ECG parameters, such as basal cycle length (BCL), P-R interval (PR), and QRS width (QRSw).
